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R232Motor Control: How Dragonflies
Catch Their PreyDetailed measurements of head and body motion have revealed previously
unknown complexity in the predatory behavior of dragonflies. The new
evidence suggests that the brains of these agile predators compute internal
models of their own actions and those of their prey.Figure 1. The longtail skimmer, Plathemis
lydia, the subject of the recent study [3]
providing evidence that dragonflies use inter-
nal models to chase and capture their prey
(photo: Matt Reinbold, Wikimedia Commons).Michael H. Dickinson
The first animals to see a cohesive
image of the world evolved sometime
in the Cambrian, roughly 530 million
years ago [1]. We cannot know the
exact selective pressures that drove
the evolution of eyes, but the ability
to detect and track prey was likely
one their earliest functions. Many
swimming and running animals chase
their prey, but there is something
particularly wondrous about flying
predators that can maneuver deftly
in three dimensions. Dragonflies with
their sleek bodies, double set of
wings, and monstrously large eyes
are certainly among the most engaging
aerial hunters, and the means by which
they catch prey has intrigued biologists
and amateurs alike [2] (Figure 1).
A recent paper by Mischiati et al. [3]
provides new evidence that these
creatures hunt using internal models
of their prey’s behavior and their own
motor actions.
To appreciate the complexity
uncovered in the new study, it is
necessary to consider a simple yet
robust strategy for intercepting prey.
If a hunter steers so as to always
maintain the image of its prey at
exactly the same angular position,
it is guaranteed a meal provided it
can exceed the speed of its quarry.
This strategy is called parallel
navigation, because its implementation
ensures that the range vector defined
by the position of the predator and prey
will remain parallel over time, while
its length decreases continuously [4].
The strategy is identical to the
‘constant bearing, decreasing range’
rule employed by frigate captains
like the fictional Lucky Jack Aubrey
to chase down a prize (less martial
mariners use the same principle
to avoid colliding with ships [5]).
This elegant tactic does not require
particularly sophisticated neural
processing. It requires no knowledge
or estimate of the target’s velocity
and works even if the prey changescourse or speed. It is therefore not
surprising that biologists have relied
on parallel navigation as the most
parsimonious explanation for the
interception behavior of dragonflies
and other flying insects [6].
Prey capture is more than mere
interception, however, and a key
contribution of the new study [3]
is that the authors recorded dragonfly
behavior in unprecedented detail.
This was no small task. Dragonflies
require bright light levels and warm
temperatures to fly and become
disoriented under typical indoor
conditions. To perform the study,
Mischiati et al. [3] created an elaborate
indoor chamber — complete with
a bucolic visual panorama and a
small pond — that replicated the light
intensity and temperature of a typical
dragonfly habitat. The ceiling of the
chamber was equipped with a motion
capture system to track the head and
body orientation of the dragonflies
as they flew. The species employed in
the study hunt with a hawking strategy,
in which they rest on perches until they
detect a small object moving overhead.
They then dart quickly toward the prey,
capturing them from underneath.
Although the authors examined the
interactions with real prey, most of
the analysis was performed using
tiny threaded beads, whose velocity
could be controlled and manipulated.
The technological tour de force paid off
by providing a comprehensive data set
for the head and body movement of
the dragonflies as they chased and
captured (but alas could not consume)
the tiny beads.
Based on these new data, do
dragonflies intercept their prey using
parallel navigation or do they employ
a more complicated strategy? If
dragonflies obey parallel navigation,
then the range vector should always
be inversely correlated with its
derivative. This prediction follows
from the fact that range vectors
remain parallel but decrease in length
throughout the chase. AlthoughMischiati et al. [3] used the failure of this
prediction to argue that dragonflies do
not use parallel navigation, it is difficult
to exclude the possibility that they
simply perform the behavior in a
somewhat sloppy way. In fact,
kinematic constraints would make it
impossible for a dragonfly to follow
perfect parallel navigation, as they
must take time to orient their bodies
and produce aerodynamic forces in the
right direction.
Much stronger evidence that
dragonflies use a more complex
interception strategy emerged from
the detailed three-dimensional analysis
of the animals’ head and body motion
during the chase (Figure 2A). The final
stages of prey capture are quite
stereotyped. The dragonfly attacks
from below, flying upward with its body
aligned along the path of their prey.
It then extends its legs upward creating
a net with which it sweeps up the meal.
When the animal first detects its target,
however, it is resting on a perch and
its body may be oriented arbitrarily
with respect to the trajectory of their
prey. At the start of the chase the
dragonfly must rotate its body to attain
the proper pose at capture, a maneuver
that profoundly increases the task
of following the target.
If you stand still and hold your eyes
steady, the image of any moving
object will travel across your retina.
If you walk forward and turn,
however, your own translation and
rotation will also make the object
appear to move. This image drift of
the object due to your self-motion
is difficult to distinguish from the drift
caused by the object’s own motion.
How do dragonflies track their tiny
moving prey while they rapidly spin to
orient their body for the final attack?
Through their ability to measure the
head and body position independently,
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Figure 2. Dragonflies rapidly adjust their head to maintain the image of their prey in the high
acuity region (fovea) of their eyes.
(A) The dragonfly first detects it prey while sitting on a perch. After taking off, it must quickly
turn to align its body to the trajectory of the prey and ready itself to attack from below.
(B) Although this maneuver would cause the image of the prey to sweep out of the fovea,
the dragonfly compensates by rotating its head. This head rotation is nearly instantaneous
with body motion, suggesting that dragonflies execute the motor action using a predictive
model of the prey’s trajectory and an internal copy of the commands sent to the flight motor.
Dispatch
R233Mischiati et al. [3] discovered that
dragonflies maintain the position of
their target within a high acuity region,
or fovea, in the dorsal of their eye [7]
(Figure 2B). This is only possible
because, like most insects, the head
of the dragonfly is attached to the body
via a joint that allows all three degrees
of rotation. As the body spins during
the chase, the animal counter-rotates
its head so that the prey’s image
remains in the fovea, therefore making
it easier to track. How do dragonflies
accomplish this difficult task? One
possibility is that they use fast sensory
reflexes to measure their own body
motion and the motion of their prey
and move their head accordingly.
In the alternative model proposed
by the authors, dragonflies use
additional information from two
internal signals to drive the fast
compensation: an efferent copy of the
motor commands to the wing steering
system and a physical prediction of the
prey’s motion, possibly calculated
while the dragonflies are still on the
ground.
To test between a purely reactive
model and one utilizing predictions,
Mischiati et al. [3] examined the
temporal correlation between the
motion of the head and the image
drift that body motion would have
caused if the dragonflies did not
move their heads to compensate.
They found that the latency was
extremely short — indeed, almost
instantaneous — and much faster
than typical values for sensory motor
reflex delays in insects. Thus, the data
support the notion that dragonflies
employ internal models to capture
their prey.
Although this new study provides
a compelling example, this is by no
means the first behavioral evidence
for internal models in insects.
Visually-targeted limb motion [8],
postural adjustments preceding
escape behavior [9], and the use
of peering to estimate distance prior
to jumping [10] are, like dragonfly
chases, difficult to explain without
invoking internal models of some sort.
In their pioneering work on the chasing
behavior of hoverflies, Tom Collett and
Mike Land [11] noted that, while the
final stages of prey capture are
consistent with a reactive model, the
initial stages are not. Skeptics of
internal models in insects are
emboldened — not by the lack of
behavioral evidence — but rather bythe difficulty with identifying
unambiguous examples of circuitry
that either compute physical
predictions or carry internal copies
of motor commands [12]. The new
work of Mischiati et al. [3] may help
in this regard, because miniature
electronic components may soon
make it possible to record from
identified interneurons in dragonflies
as they fly and track prey [13].
The new results have perhaps dulled
the patina on purely reactive models
of chasing behavior, but it would be
premature to discard their explanatory
power just yet. Insects possess
extraordinarily fast sensory systems
that could provide feedback during
compensatory tasks, such as image
stabilization. For example, dragonflies,
like all insects, have a system of three
tiny eyes on the top of their heads,
called ocelli, which are used in
head-stabilizing reflexes [14,15]. In
flies, it has been shown that the ocelli
can detect body rotation faster than
the rest of the visual system [16],
and perhaps this reflex pathway
contributes to target stabilization in
dragonflies. Simple sensory reflexes
can even contribute to physical
predictions by encoding the derivative
of signals — something neurons are
particularly well adapted to do — and
thereby provide a rough estimate of
the future. Still, it would be difficult
to explain the nearly instantaneous
tracking observed by Mischiati et al. [3]
without some form of internal model.
As we learn more about the circuitsthat underlie insect behavior, it will
be fascinating to keep a tally on
the relative importance of reactive
processes and internal models.
In the meantime, have a little more
respect for the four-winged fliers
next time you stroll past a pond.References
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with SleepA new study in fruit flies suggests modulation of neural activity links sleep and
Alzheimer’s disease. Both sleep loss and amyloid beta increase neural
excitability, which reinforces the accumulation of amyloid beta and shortens
lifespan.Alex C. Keene1,*
and William J. Joiner2
Alzheimer’s disease (AD) is a
progressive, irreversible brain disorder
that gradually erodes neural circuits
underlying higher order cognitive
functions including learning and
memory. It is the most common
neurodegenerative disorder of the
elderly, afflicting over 35 million people
worldwide [1]. Due to the absence of
effective treatment options it is
inevitably fatal. Thus, there is great
interest in understanding the molecular
and neural circuit changes that
accompany AD, especially during its
onset. An intriguing hypothesis [2],
testedmost recently by Tabuchi et al. in
this issue of Current Biology [3], is that
AD and poor quality sleep may be
mutually enforcing, with overlap in the
underlying dysfunctional mechanisms
of control.
The brains of healthy, aging adults
are subjected to various stressors that
are thought to increase the likelihood of
subsequent neural degeneration and
dementia. Mounting evidence
suggests a primary factor in AD
pathogenesis is accumulation of
amyloid beta (Ab) protein within the
brain. For example, heritable forms of
AD are caused by mutations in a
genetic precursor of Ab called APP or
in genes called presenilins, whose
protein products process APP to Ab.
The risk of developing AD is also
increased by certain alleles of the
gene encoding apolipoprotein E, which
may regulate clearance of Ab [4].
Evidence suggests that an imbalancebetween clearance and production
of Ab results in toxic amyloid
aggregates within neurons or as
plaques between neurons that initially
damage synapses and later cause
neurodegeneration [5].
Several factors are known to
modulate the toxicity of Ab, and one of
these is sleep. For example, in a mouse
model of AD, knockout of the
wake-promoting orexin gene reduces
Ab accumulation, an effect that is
reversed by sleep deprivation [6]. In
humans as well, the risk of
accumulating Ab is decreased by
consolidated sleep, whereas the risk of
developing certain forms of AD is
enhanced by poor quality sleep.
Intriguingly, insomnia is common
among patients with AD, and the
severity of this symptom is correlated
with the degree of dementia [7].
Collectively this evidence has led to the
hypothesis that AD and sleep have a
bidirectional relationship that could
inform understanding of both disorders
and lead to improved treatment options
for AD [2].
The fruit fly, Drosophila
melanogaster, provides a powerful
model system for investigating both
neurodegenerative disease and sleep.
Flies expressing humanAb recapitulate
several key features of AD, including
Ab accumulation, age-dependent
learning impairment, and
neurodegeneration [8]. Drosophila also
show all the hallmarks of sleep in
vertebrates, including elevated arousal
threshold, homeostatic control, and
electrophysiological distinction from
wakefulness [9]. Although themechanistic relationship between AD
and sleep has eluded researchers,
Tabuchi et al. [3] suggest that both
phenomena may influence each other
by altering neuronal activity (Figure 1).
To examine the reciprocal relationship
between AD and sleep in flies, the
authors expressed different forms of
Ab throughout the nervous systems of
flies. They found that Ab reduced sleep,
but only when it was expressed in
pathogenic forms, especially a variant
called Arctic, which encodes a
membrane-tethered mutant form of
human Ab with enhanced toxicity [10].
It is common for AD patients to have
reduced or disrupted sleep as well,
supporting the possibility that Ab
suppresses sleep but also raising the
additional possibility that poor quality
sleep promotes the accumulation of
Ab. To test the latter hypothesis in flies,
the authors measured Ab levels
following expression of Arctic in the
mushroombodies (MBs), a brain region
required for many types of associative
memory. Sleep deprivation following
mechanical perturbation or
thermogenetic activation of
dopaminergic neurons increased Ab
levels, and sleep induction by
activation of arousal-suppressing
neurons decreased Ab levels.
Collectively these data suggest that
waking interferes with and sleep
facilitates clearance of Ab from the
brain. These experiments also support
mammalian studies suggesting that
sleep functions to rid the brain of
metabolic wastes, including Ab [11].
Although the cellular roles of both
sleep and Ab remain poorly
understood, sleep appears tomodulate
synaptic strength across phyla. Studies
in flies and rodents reveal the
brain-wide accumulation of markers of
synaptic potentiation during
wakefulness which appear to dissipate
during sleep [12,13]. These findings
support another leading hypothesis
about sleep, which is that it facilitates
synaptic depression to counterbalance
